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Graphene devices require electrical contacts with metals, particularly with gold. Scanning tunnel- 
ing spectroscopy studies of electron local density of states performed on mono-, bi- and tri- graphene 
layer deposited on metallic conductive Au/Cr/SiCb/Si substrate shows that gold substrate causes 
the Fermi level shift downwards which means that holes are donated by metal substrate to graphene 
which becomes p-type doped. These experimental results are in good accordance with recently pub- 
lished density function theory calculations. The estimated positions of the Dirac point show that 
the higher number of graphene layers the lower Fermi level shift is observed. 
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Recently, it has been shown that graphene possesses 
unique electronic properties due to the mass-less Dirac 
fcrmion character of carriers derived from the conical dis- 
persion relation close to the Dirac point EL 0]. This 
leads to the presence of many physical effects in this 
material, namely unconventional quantum Hall effect 
@; HI ! ballistic transport of electrons Q , electronic spin 
transport micron scale coherence length [||, or sin- 
gle electron tunneling 0]. Unusual physical properties 
have been also reported on bilayer and biased bilayer 
graphene [1, Q . It seems to be crucial for future appli- 
cations to understand the nanoscale electronic properties 
of graphene considered in terms of the electron local den- 
sity of states (LDOS) on different substrates. This is be- 
cause a substrate can affect considerably the electronic 
properties of graphene i.e. change the position of the 
Fermi level (Ep) relative to the Dirac point (Erj). These 
nanoscale studies have been carried out by scanning tun- 
neling microscopy/spectroscopy techniques (STM/STS) 
on graphene lying on highly oriented pyrolitic graphite 
(HOPG) [3, graphene/SiC 0, El El EI El, and 
mechanically cleaved graphene on SiC^/Si with tun- 
able back-gate electrodes [16| . Since electronic transport 
measurements in graphene devices require metallic con- 
tacts, it is tempting to know the physical prop erties of 
graphene/metal interface in nanoscale E3> Il8l El H3j- 
Recently it has been proved theoretically (density func- 
tional theory - DFT) that the electronic structure of 
graphene around K point is preserved on (111) surfaces 
of Al, Cu, Ag, Pt, and Au 20]. This is especially im- 
portant in the case of Au which is widely used in fab- 
rication of metal-graphene contacts. Furthermore, these 
metal substrates cause the Fermi level shift downwards 
which means that holes are donated by metal substrates 
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to graphene which becomes p-type doped i.e. Ep is lo- 
cated below Ed- 

In this letter we report on studies of the LDOS of 
mono-, bi- and tri- graphene layer (MG, BG, TG) de- 
posited on metallic conductive Au/Cr/Si02/Si substrate. 
This type of substrate enables us to create a setup suit- 
able for the STM/STS experiments without micro fab- 
rication processes and studies of the LDOS on multi- 
layer graphene systems. We demonstrate that Raman 
spectroscopy (RS) which has been recently used to iden- 
tify MG, BG and TG [U [Hj], shows the potential 
to evaluate a number of graphene layers on conductive 
Au/Cr/Si02/Si substrate. Furthermore, it is commonly 
known that the three interface Fresnel-law-based model 
is effective to explain the optical contrast of graphene on 
Si0 2 /Si [H. B y adding a A th interface to the model it 
was proved that sufficiently thin metallic layers deposited 
onto oxidized silicon before flake preparation do not ob- 
scure the optical interference effect that makes graphene 
visible. This enables graphene experiments that require 
electrically conductive substrates such as STM/STS with 
instantaneous optical inspection. Finally, we present our 
STS conductance maps which show a distinct electronic 
contrast between MG, BG and TG leading to identifica- 
tion of the number of graphene layers. A detailed analy- 
sis of STS spectra shows the position of the Dirac point 
above the Fermi level as it is expected from the density 
functional theory calculations of graphene on gold. 

Our sample was prepared by 8 nm of Au, with 0.5 
nm Cr adhesion layer sputtered onto 90 nm Si02- The 
Au layer is thick enough to be continuous, but still suf- 
ficiently thin to maintain optical contrast. The image of 
flakes on gold in white light and with 530 nm light shows 
the enhanced contrast when using narrow band interfer- 
ence filters. The Raman investigations were performed 
in back-scattering geometry using a Renishaw InVia Ra- 
man microscope equipped with a confocal DM 2500 Le- 
ica optical microscope, a thermoelectrically (TE)-cooled 
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FIG. 1: (color online). (a),(b) OM (left) and SEM (right) 
images of MG, BG and TG deposited onto Au/Cr/Si02/Si 
substrate. Typical Raman spectra of MG, BG and TG are 
presented below. 



RenCam CCD detector and an Ar + ion laser working at 
a wavelength of 488 nm. The applied laser power before 
focusing with lOOx objective magnification was less than 
0.5 mW. An edge filter was used to reject Rayleigh scat- 
tering. The Raman spectra were carried out in the 1400- 
3000 cm -1 spectral range and they were accumulated 
20 times to obtain a better signal to noise ratio. All the 
STM/STS experiments were carried out at room temper- 
ature using a VT-STM/AFM integrated with the MUL- 
TIPROBE P UHV system (Omicron GmbH). In the STS 
mode the I/V curves were recorded simultaneously with 
a constant current image by the use of an interrupted- 
feedback-loop technique. Based on these measurements 
the first derivative of the tunnelling current with respect 
to the voltage (dl/dV) being a measure of the LDOS was 
numerically calculated and used to build spatial conduc- 
tance maps i.e. dI/dV(x,y,E). 

In Figure 1(a) and (b) we present optical microscopy 
(OM) and scanning electron microscopy (SEM) images of 
MG, BG and TG onto conductive Au/Cr/Si0 2 /Si sub- 
strate. In the case of optical imaging, a narrow band pass 
filter at 530 nm was used to enhance the contrast. From 
the presented results it is clear that 8 nm of Au with 0.5 
nm Cr adhesion layer onto 90 nm S1O2 still allows suf- 
ficient optical contrast for graphene identification. Typ- 
ical Raman spectra recorded on MG, BG and TG are 
also presented in Fig.l. The detailed analysis of the RS 
spectra shows a single component of the 2D peak at 2696 




FIG. 2: (color online), (a) The 200 nm x 200 nm STM to- 
pography showing gold-graphene interface, (b) The 5444 nm 
x 5444 nm STM topography showing coexistence of MG, BG 
and TG flakes. STS measurements were carried out in the 
surface region denoted by a square. 



cm -1 on the graphene regions. This value is different 
in comparison with graphene on other substrates such 
as Si02, SiC, GaAs, glass or graphite [24J. The Raman 
spectra recorded on BG show four components of the 2D 
peak at 2657 cm" 1 , 2678 cm" 1 , 2697 cm" 1 and 2718 
cm . Similar measurements on TG show two compo- 
nents of the 2D peak at 2697 cm" 1 and 2723 cm" 1 

In Fig.2(a) we present 200 nm x 200 nm STM to- 
pography of MG/gold interface recorded at sample bias 
U=+0.8 V and the tunneling current set point equals 0.2 
nA. From the cross-section profiles we estimated that the 
height of graphene on the gold substrate equals roughly 
0.5 nm. Furthermore, the graphene layer does not identi- 
cally map the structure of the gold substrate - estimated 
value of RMS calculated over 200 nm x 200 nm area on 
graphene equals 0.25 nm while a similar measurement on 
gold gives value close to 0.65 nm. The STM topography 
(sample bias U=+0.8 V, the current set point 0.2 nA) 
of Au, MG, BG and TG which coexists together is pre- 
sented in Fig. 2(b). Crucial for our studies is the fact that 
graphene flakes of different thickness were investigated 
simultaneously using the tunnelling tip having the same 
electronic structure. This is especially important when 
STS measurements in the region denoted by a square in 
Fig. 2(b) were carried out. The height of BG relative to 
the monolayer varies from 0.34 nm up to 0.50 nm. Simi- 
lar measurements for TG relative to BG give the value in 
the range of 0.35 -0.50 nm. The estimated value of RMS 
calculated over 200 nm x 200 nm area is very similar for 
BG and TG roughly equals 0.25 nm. 

In Fig. 3 dI/dV(x,y,E) maps at selected energies around 
the Fermi level on mono-, bi- and tri-layer of graphene 
are shown. It is clear that MG on Au has very high 
LDOS values close to the Fermi level (E F +/_0.006 eV). 
Furthermore, we observe that the spatial distribution of 
the LDOS amplitudes measured at the same energy is 
not uniform and varies from point to point. It simply 
leads to the conclusion that graphene is not homogenous 
in terms of local electronic structure. Much lower LDOS 
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FIG. 3: (color online: blue, green, red - low, intermediate, 
and high value of the LDOS, respectively). 500 nm x 500 nm 
dI/dV(E,x,y) maps recorded on MG, BG and TG 



values were demonstrated on bilayer graphene, and espe- 
cially on trilayer. The observed electronic contrast be- 
tween MG, BG and TG was observed without difficulty 
at low energies around the Fermi level. However, at ener- 
gies higher than + /_0.5 eV, the spatial distribution 
of the LDOS is rather homogenous and it is difficult to 
distinguish between MG, BG and TG. The result show- 
ing that MG on Au has much higher LDOS close to Ep 
than BG and TG seems to be intriguing. This is because 
we expect higher LDOS in multilayer graphene compared 
to that for monolayer graphene. However, we would like 
to emphasize that even though the electronic structure 
of graphene around K point is preserved, we still observe 
a strong influence of metallic gold character on the mea- 
sured LDOS. This influence seems to be much less in the 
case of BG and TG as it is observed in our experiments. 
In the region denoted by u in Fig. 3 we observed a mix- 
ture of the electronic structure typical for TG and BG 
deposited on gold. 

In Fig. 4 we present dI/dV(E,line) maps calculated as 
a function of energy and position along selected lines on 
MG, BG and TG regions (TG the region with peculiar 
electronic structure) and appropriate cross section pro- 
files i.e. dI/dV(E). In all cases we observe that the con- 
ductance map shows asymmetry between occupied and 
unoccupied states i.e. the LDOS is much higher at occu- 
pied states for all energies. In the case of MG at the unoc- 
cupied part of the spectra, we observe a very pronounced 
maximum (max) of the LDOS which spreads over 13 nm. 
On the map, energy of the state varies from 0.29 eV up 
to 0.38 eV above the Fermi level. It means that MG 
is not homogeneous and its electronic structure depends 
strongly on the position on the surface. Furthermore, 
we show a representative dl/dV curve taken at the po- 
sition denoted by a horizontal line on the dI/dV(E,linc) 
map. The dl/dV curve shows a very pronounced max- 



imum (max) located at energy close to 0.35 eV above 
the Fermi level accompanied with the local minimum at 
0.39 eV making the spectrum asymmetric around E^. In 
our interpretation, the minimum marks the position of 
the Dirac point E^ on monolayer graphene deposited on 
gold. Taking into account 65535 individual dl/dV curves 
we estimated that the position of Ed is located in the 
range of 0.35 - 0.40 eV above the Fermi level. From the 
DFT calculations of the Fermi level shift (AEj?) as a 
function of the graphene-metal surface distance the 0.35 
eV - 0.4 eV shift takes place when a graphene-Au gap 
is in the range of 0.38 - 0.40 nm [2(J. This theoretical 
value is very close to our height measurements of MG on 
gold substrate which equal 0.5 nm. The small discrep- 
ancy can be caused by the fact that STM does not show 
structure of the surface in crystallographic sense; hence 
estimation of the height of the observed MG on gold is 
strongly affected by the electronic structure of the in- 
vestigated surface and the tunnelling tip. Furthermore, 
we observe a few (1,2,3) local maxima on the spectrum 
having different amplitudes. We believe that these local 
maxima are related to complicated electronic structure 
of MG/Au system. Similar results were collected in the 
case of BG - see the conductance map and representa- 
tive dl/dV curve. In this case the position of Ed varies 
from 0.22 eV up to 0.30 eV, leading to the conclusion 
that the Fermi level shift for BG is less than for MG. In 
our opinion these results show that the Dirac point for 
MG and BG deposited on gold substrate is located above 
the Fermi level as it is expected for hole doping [2(j. We 
emphasize that local maxima (1,2,3) in the case of BG 
are much weaker in comparison with MG, which can be 
interpreted in terms of a screening effect. 

Intriguing conductance maps and dl/dV curves were 
collected on trilayer graphene as it is presented in Fig. 3 
TG and TG. Firstly, we observed a region of trilayer 
grahene (Fig.3TG) in which the conductance map shows 
a very pronounced local maximum (max) of the LDOS 
just below the Fermi level. This maximum is accompa- 
nied with the broad local minimum centered at 0.14 eV 
above the Fermi level making the spectrum enormously 
asymmetric in the vicinity of E^ . We believe that the 
minimum at 0.14 eV marks the position of E^ on tri- 
layer graphene deposited on gold and shows that the 
Fermi level shift for TG is less than for MG and BG. 
Secondly, we observe a peculiar region on trilayer gra- 
hene (TG) in which the conductance map is featureless 
and the typical dl/dV curve shows parabolic shape hav- 
ing only local maxima with extremely low amplitudes. 
What is more, in the small energy range ( + /_50 meV) 
the dl/dV curve is symmetric around E^. A change of 
the electrical properties from the TG to TG type takes 
place over 25-50 nm which suggests that we are not deal- 
ing with an abrupt transformation. The parabolic char- 
acter of the dl/dV spectrum can be explained bearing 
in mind continuous transformation of trilayer graphene 
into a fourlayer system. Recently, it has been proved 
by angle-resolved photoemission spectroscopy (ARPES) 
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FIG. 4: (color online): blue, green, red - low, intermedi- 
ate, and high value of dl/dV, respectively). Left column. 
dI/dV(E,line) maps recorded on MG, BG and TG/TG. Ver- 
tical scale - energy in eV relative to the Fermi level, horizontal 
scale - length in nanometers. Right column. dl/dV profiles. 
Vertical scale dl/dV, horizontal scale energy in eV relative 
to the Fermi level 



that the shift of the Fermi level decreases considerably 
with a number of graphene layers [26| ■ In the case of TG 
region we can simply assume that AE^=0 and the Dirac 
point is exactly centered at the Fermi level. 

In conclusion, we have used OM, SEM, RS and 
STM/STS techniques to identify and study the elec- 
tronic structure of MG, BG and TG deposited on 
conductive Au/Cr/Si02/Si substrate. We demonstrate 
that a thin, conductive Au layer on Si02 still allows 
sufficient optical contrast for MG, BG and TG identi- 
fication. The STM results show that the height of MG 
relative to Au substrate is close to 0.5 nm, the height 
of BG relative to MG varies from 0.34 nm up to 0.50 
nm, while TG relative to BG gives the value 0.35 - 0.50 
nm. The STS results prove that holes are donated by 
Au substrate to graphene which becomes p-type doped 
i.e. Ep is located below E^. Estimated positions of the 
Dirac point show that the higher number of graphene 
layers the lower Fermi level shift is observed. The 
estimation of the position of Ed in the case of MG on 
Au is in good accordance with recently published DFT 
calculations. 
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